Water treatment technologies are needed that can remove perchlorate from drinking water without introducing organic chemicals that stimulate bacterial growth in water distribution systems. Hydrogen is an ideal energy source for bacterial degradation of perchlorate as it leaves no organic residue and is sparingly soluble. We describe here the isolation of a perchlorate-respiring, hydrogen-oxidizing bacterium ( Dechloromonas sp. strain HZ) that grows with carbon dioxide as sole carbon source. Strain HZ is a Gramnegative, rod-shaped facultative anaerobe that was isolated from a gas-phase anaerobic packed-bed biofilm reactor treating perchlorate-contaminated groundwater. The ability of strain HZ to grow autotrophically with carbon dioxide as the sole carbon source was confirmed by demonstrating that biomass carbon (100.9%) was derived from CO 2 . Chemolithotrophic growth with hydrogen was coupled with complete reduction of perchlorate (10 mM) to chloride with a maximum doubling time of 8.9 h. Strain HZ also grew using acetate as the electron donor and chlorate, nitrate, or oxygen (but not sulphate) as an electron acceptor. Phylogenetic analysis of the 16S rRNA sequence placed strain HZ in the genus Dechloromonas within the b b b b subgroup of the Proteobacteria. The study of this and other novel perchlorate-reducing bacteria may lead to new, safe technologies for removing perchlorate and other chemical pollutants from drinking water.
Introduction
Perchlorate salts are manufactured in large quantities for use as oxidizers in solid rocket propellants, explosives, and automobile air bag inflators (Espenson, 2000; Logan, 2001) . Although it reacts energetically when dry, perchlorate in aqueous solution is extremely stable and highly soluble. Until 1997, perchlorate could not be measured in water below 100 p.p.b. (1 m M). A new ion chromatography procedure reduced the minimum detection level to 2.5-4.0 p.p.b. (depending on the water) and led to the discovery of perchlorate in a large number of ground and surface water supplies (Jackson et al ., 2000; Logan, 2001) . Recent epidemiological studies have recommended a lower perchlorate maximum contaminant level that, if adopted by the United States Environmental Protection Agency (USEPA) using standard safety factors, could result in a drinking water standard of 1 p.p.b. (Anonymous, 2002) . This is a concentration measurable only with more sensitive and expensive techniques than ion chromatography (Handy et al ., 2000; Koester et al ., 2000) . The California Department of Health Services has reduced their Action Level for perchlorate from 18 to 4 p.p.b. in response to the new health study. Although perchlorate is known to occur naturally only in some nitrate deposits in Chile (Schilt, 1979; Espenson, 2000) , bacteria capable of degrading perchlorate are surprisingly widespread in nature (Logan, 1998; Coates et al ., 1999; Logan et al ., 2001a; Wu et al ., 2001) . Despite their abundance, only a few perchlorate-reducing bacteria (PRB) have been physiologically and phylogenetically characterized (Wallace et al ., 1996; Bruce et al ., 1999; Achenbach et al ., 2001; Logan et al ., 2001a) . Kinetic constants ( m m and K S ) have been determined for two isolates ( Dechlorosoma sp. strain KJ and Dechlorosoma sp. strain PDX) under different electron-accepting conditions (Logan et al ., 2001a) , and pilot-scale bioreactors have been designed and inoculated with a pure culture of Dechlorosoma sp. strain KJ for treatment of perchlorate and nitrate contaminated groundwater (Logan et al ., 2001b; Evans et al ., 2002) .
So far, all perchlorate-degrading isolates reported to date have been heterotrophic (Logan, 1998; Achenbach et al ., 2001) , and therefore require organic substrates for synthesizing cellular materials. Growth substrates introduced into the water, to support the growth of heterotrophic PRB, can lead to the release of unoxidized organic substrates that may stimulate subsequent microbiological growth in water distribution systems. Bioreactors that use only hydrogen gas, carbon dioxide and inorganic nutrients are being investigated for treatment of perchlorate-contaminated groundwater (Giblin et al ., 2000; Miller and Logan, 2000; Logan and LaPoint, 2002; Nerenberg and Rittmann, 2002) . However, perchloratereducing isolates that grow solely on inorganic energy and carbon sources have not been previously isolated from these reactors. In one case an isolate ( Dechloromonas sp. strain JM) was obtained from a perchlorate-degrading reactor that was fed groundwater but no additional carbon substrates. Strain JM was found to reduce perchlorate with hydrogen, but it needed an organic substrate such as acetate for growth, and could not fix CO 2 (Miller and Logan, 2000) . In another case a consortium of four different bacteria was found to be necessary for perchlorate degradation with hydrogen (Giblin et al ., 2000) . These findings have led to speculation that several bacterial species acting in concert are required to degrade perchlorate in autotrophic bioreactors (Giblin et al ., 2000) .
Here we report on the isolation of a novel chemolithoautotrophic, perchlorate-reducing, hydrogen-oxidizing bacterium ( Dechloromonas sp. strain HZ) using a dilutionto-extinction technique. Autotrophic growth on CO 2 was confirmed by demonstration of quantitative incorporation of 14 CO 2 into cell mass.
Results

Enrichment and isolation
After 28 days of incubation with H 2 and CO 2 , perchlorate reduction (3 mM) was observed by the enrichment culture from the bioreactor. Successive transfers (three times, 5% inoculum) to fresh H 2 -CO 2 -perchlorate medium reduced the time for complete ( < 0.01 mM) perchlorate removal to only 2 days (Fig. 1) . Serial dilution to extinction produced a culture with morphologically uniform cells. Whereas this culture could be repeatedly transferred in liquid medium, there was no growth on agar (Difco) plates containing the same medium and a gas mixture of H 2 and CO 2 . Because it was not possible to grow and isolate colonies on plates, the purity of the culture was initially evaluated only by microscopic examination. Molecular tests to evaluate purity of the culture were based on extracting genomic DNA for polymerase chain reaction (PCR) amplification of the variable 16S-23S ribosomal RNA spacer region and determining that independently cloned PCR products had identical DNA sequences.
Phenotypic characteristics
Cells of strain HZ are Gram-negative rods 0.3 ¥ 1.8 m m (Fig. 2 ) capable of complete reduction of perchlorate to chloride under H 2 -oxidizing, autotrophic growth conditions (Fig. 3) . The observed maximum doubling time was 8.9 h. No growth was detected when hydrogen, perchlorate or CO 2 was omitted from the medium. Methane was not detected during autotrophic growth. Nitrate and chlorate, but not sulphate, could also serve as electron acceptors under chemolithoautotrophic growth conditions. Heterotrophic growth was successful with acetate (20 mM) as the electron donor and perchlorate (10 mM), chlorate (10 mM), nitrate (10 mM) or oxygen (21 kPa) as electron acceptors. The ability to use nitrate and chlorate as the electron acceptors is a common characteristic of many heterotrophic perchlorate-reducing organisms (Logan, 1998; Achenbach et al ., 2001) .
Autotrophic CO 2 fixation by strain HZ
The autotrophic growth of strain HZ was confirmed by measuring incorporation of 14 CO 2 into cellular material (all measurements in triplicate). After 48 h incubation, the cell dry weight was 147.9 ± 12.3 m g ml
. The carbon content of non-labelled cells grown under the same conditions (independently determined to be 47 ± 1% carbon) was used to calculate a biomass carbon dry weight of 69.7 ± 7.3 m g-C ml -1 . Mean weight of incorporated C (70.3 ± 15.3 m g-C ml -1 ) was calculated by dividing the total activity of cells recovered from 1 ml of culture by the specific activity of 14 CO 2 per m g-C in the gas phase (see Experimental procedures ). Thus, a total of 100.9% (70.3/69.7 ¥ 100%) of carbon in the cell biomass could be attributed to fixation of CO 2 . Cells cultured without hydrogen (under N 2 /CO 2 ) or killed with formaldehyde (2%) did not show significant 14 CO 2 uptake (0.014% and 0.012% uptake of total radiolabel, respectively, as opposed to 0.93% by cells grown under H 2 /CO 2 ).
Phylogenetic analysis
Phylogenetic analysis based on the nearly full-length 16S rRNA sequence was used to classify strain HZ as a Dechloromonas sp. A phylogenetic tree (Fig. 4) inferred from distance analysis of 16S rRNA sequence data reveals that strain HZ is one of several new isolates in the b subclass of Proteobacteria that can completely reduce perchlorate to chloride. Strain HZ falls within the Dechloromonas 'clade' of the Rhodocyclus group but is distinguished physiologically from other isolates by its ability to grow autotrophically with hydrogen as the electron donor. Although others have identified perchlorate degraders within the a , b , and e subclasses of Proteobacteria, most isolates ( c . 70%) fall within the Dechloromonas and Dechlorosoma clades of the b subclass, and are monophyletic . Both clades, however, contain representatives that do not degrade perchlorate, such as Ferribacterium limneticum and Rhodocyclus spp. Bootstrap values for Fig. 4 support a more distant relationship between Dechloromonas and Dechlorosoma spp. than between Dechlorosoma , Rhodocyclus , Propionibacter and Propionivibrio spp., indicating that perchlorate degradation ability is not a defining physiological characteristic of bacteria in these two clades. 
Discussion
The closest relative to strain HZ is Dechloromonas sp. strain JM, a heterotrophic bacterium having 99.8% similarity in its full-length 16S rRNA. The 16S-23S ribosomal intergenic spacers, which are highly variable among bacteria, have identical lengths in strains HZ and JM (447 base pairs), as well as 97.6% sequence similarity. Despite a close phylogenetic relationship between strains HZ and JM, it is known that bacteria with > 99% similar 16S rRNA gene sequences can exhibit 30-70% dissimilarity across their complete genomes (Stackebrandt and Gobel, 1994) . The dissimilar portions of strain HZ's genome could therefore contain the genes for its autotrophy-associated enzymes, or such genes could reside on extrachromosomal megaplasmids (Stouthamer and Kooijman, 1993) . Autotrophic and non-autotrophic representatives have also been observed among subspecies of Paracoccus denitrificans (Jordan et al., 1997) .
In addition to respiration using perchlorate, a chemical only introduced into the environment relatively recently, Dechloromonas sp. strain HZ and other perchlorate-and chlorate-respiring bacteria may harbour other unique physiological properties such as their hydrogen oxidizing capabilities and novel respiratory enzymes. These bacteria all contain chlorite dismutase, an enzyme capable of disproportionating chlorite to chloride and oxygen with high efficiency (van Ginkel et al., 1996) . This enzyme can be used in reactors for the removal of chlorate produced from drinking water disinfection with chlorine dioxide (van Ginkel et al., 1998) . The first microbe capable of growth on benzene under denitrifying conditions was a perchlorate-respiring bacterium ).
Hydrogen gas reactors have been used in the past for nitrate removal via denitrification from drinking water (Gayle et al., 1989) . New reactor designs using packed beds and hollow fibre membranes are also being researched for treating perchlorate-contaminated water. The main advantage to using hydrogen is that it is only sparingly soluble in water (1.62 mg l -1 at 25∞C and 1 atm. H 2 ) (Chapelle et al., 1997) . The use of this inorganic energy source in a bioreactor reduces the potential for contamination of water distribution systems by growth of bacteria on non-oxidized substrate. Hydrogen gas-based drinking water treatment systems may offer other advantages for treating drinking water treatment. At many sites, chlorinated aliphatic compounds, such as trichloroethylene (TCE), are common contaminants of perchlorate-contaminated groundwater (Catts, 1999) . Although chemicals such as TCE may persist in the subsurface environment, these chemicals can be degraded by halo-respiring bacteria using hydrogen (Fennell et al., 1997; Maymo-Gatell et al., 1997) . Thus, it may be possible to use mixtures of specific bacteria such as Dechloromonas sp. strain HZ in hydrogengas reactors to treat water contaminated with perchlorate and other common groundwater pollutants.
Experimental procedures
Medium and cultivation
The enrichment medium (Miller and Logan, 2000) was prepared using ultrapure water (Milli-Q system; Millipore) and contained (per litre , 0.6 mg. After being degassed overnight in an anaerobic chamber (Coy Scientific Products), serum bottles (100 ml) containing the anaerobic medium were closed with thick butyl rubber stoppers, sealed with aluminum caps and removed from the glove box. The headspace of each bottle was exchanged with a mixture of H 2 :CO 2 (80:20, v:v) three times to 200 kPa over- pressure. The medium was sterilized by autoclaving at 121∞C for 30 min. The final pH of the cooled media was 6.8. All transfers were made in the anaerobic chamber. Cultures were incubated in the dark at 28∞C on a rotary shaker at 200 r.p.m.
Enrichment and isolation
A cell suspension (2.5 ml) from a perchlorate-degrading, autotrophic laboratory packed-bed reactor (Miller and Logan, 2000) was added to the organic-free medium and incubated in the dark at 28∞C. After perchlorate reduction (3 mM) was observed, repeated subcultivation (5% transfers) was carried out to further enrich the chemolithoautotrophic perchloratereducing bacteria. A serial dilution of the enrichment culture to 10 -3 produced growth after 8 weeks. Following several successive transfers from this culture, a second serial dilution was performed. A pure culture was obtained from the lowest positive (10 -5 ) dilution. Purity was initially examined using a microscope, but it was checked by examining the intergenic spacer sequences from multiple clones (see below).
Electron microscopy
Anaerobically grown cells were filtered onto 0.22 mm polycarbonate filters and fixed using 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for one hour. Filters were rinsed in the same buffer, fixed with 1% osmium tetroxide (in 0.1 M sodium cacodylate buffer), dehydrated using a concentration gradient series of ethanol, critical point dried in a BAL-TEC SCD 030 CPD, sputter-coated with gold/palladium in a BAL-TEC 050 coater (Techno Trade, Manchester, NH), and viewed with a JEOL JSM 5400 scanning electron microscope at 20 kV (JEOL, Peabody, MA).
Determination of
CO 2 incorporation
Bacterial fixation of inorganic carbon was determined using a medium containing radiolabelled carbonate by: (i) calculating the fraction of carbon dioxide in the container that was radiolabelled (via the specific activity), and (ii) measuring the amount of radiolabel incorporated into the bacteria. Anaerobic medium (20 ml) containing NaHCO 3 was prepared as described above, and amended with NaH 14 CO 3 (0.5 ml, 336 kBq ml
). To ensure equilibration of the radiolabel between the gas and liquid phases, the bottle was shaken at 200 r.p.m. for 8 h. Because bottles contained radiolabelled and non-radiolabelled CO 2 in an unknown proportion, gas samples were analysed to determine the specific activity of 14 CO 2 in the bottle using the method of Brysch et al. (1987) . Briefly, gas (200 ml) was withdrawn using a gastight syringe (Samplelock TM ; Hamilton Company) and injected into a sealed vial containing NaOH (2 ml, 1 M) to trap the CO 2 . A portion of the liquid in the CO 2 trap (0.5 ml) was mixed with 10 ml scintillation cocktail (Hionic-Fluor ) of carbon in the CO 2 trap was determined gravimetrically by BaCO 3 precipitation using a 0.2-mm membrane filter and a microbalance (Mettler Toledo UMT2). Because the mass of radiolabel and mass of total carbon dioxide were known, the specific activity, S, of 14 CO 2 , could be calculated as S = L/K = 1.12 ± 0.10 Bq/mg-C (mean ± SD).
To determine biomass carbon derived from CO 2 , the radiolabel incorporated into the cells was used to calculate the carbon fixation from the specific activity. Cells (2.5%) were transferred into the medium containing NaH 14 CO 3 and incubated for 48 h. Killed controls (2% formaldehyde) were used to determine adsorption of the radiolabel to dead cells. Another control consisted of incubating live cells with labelled bicarbonate under N 2 /CO 2 , instead of H 2 /CO 2 . This control was included to determine uptake of radiolabel by live cells, and it served to demonstrate that incorporation of inorganic C was supported by chemolithotrophic reduction of perchlorate. Samples (1 ml) were removed and mixed with 6 M phosphoric acid (0.1 ml) to allow the escape of unfixed 14 CO 2 (Jordan et al., 1997) , filtered through 0.22 mm membrane filters (Osmonics), washed three times with distilled water (5 ml), and added to the scintillant for determination of the 14 C content. Biomass carbon derived from CO 2 (designated as BC) was calculated as 70.3 ± 15.3 mg-C ml -1 using the equation BC = A/S, where A is the total activity of cells recovered from 1 ml culture (78.5 ± 10.3 Bq ml -1 ), and S the specific activity of CO 2 -C in the headspace as determined above (1.12 ± 0.10 Bq/mg-C). To examine the radiolabel recovery during the experiments, both gas phase and aqueous phase samples (200 ml) were taken for determination of total 14 C radioactivity before and after the experiments.
Analytical techniques
Chloride and perchlorate were analysed using ion chromatography, and cell dry weight (DW) was measured using a microbalance as previously described (Logan et al., 2001a) . Cell carbon content was determined as a per cent of dry weight by using a Fisons NA1500 Elemental Analyzer equipped with an IRMS detector (Pella, 1990) .
Phylogenetic analysis
Genomic DNA was extracted (Qiagen) from cell pellets of strain HZ for polymerase chain reactions using the rDNA primers (Lane, 1991) to obtain 16S rRNA and 16S-23S spacer sequences (Bruns et al., 2001) . The PCR products were cloned using the TOPO TA cloning kit (Invitrogen), sequenced (ABI), and edited with EDITSEQ and SEQMAN programs (Lasergene). The nearly full-length 16S rRNA sequence for strain HZ was manually aligned using secondary structure information with related sequences downloaded from GenBank and the rRNA WWW Server (http:// www.rrna.uia.ac.be/). Aligned sequence data, corresponding to E. coli rRNA positions 190-1392 (Thompson et al., 1997) , were subjected to bootstrap resampling (100 replicates) using SEQBOOT from the PHYLIP package (Felsenstein, 1993) . Distance, maximum-likelihood and parsimony analyses based on random-sequence additions were carried out with the DNADIST, DNAML and DNAPARS programs, respectively, of
